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ABSTRACT
We present constraints on the physical properties (including stellar mass, age, and star formation
rate) of 207 6 . z . 8 galaxy candidates from the Reionization Lensing Cluster Survey (RELICS)
and companion Spitzer -RELICS (S-RELICS) surveys. We measure photometry using T-PHOT and
perform spectral energy distribution fitting using EAzY and BAGPIPES. Of the 207 candidates for
which we could successfully measure (or place limits on) Spitzer fluxes, 23 were demoted to likely
low redshift (z < 4). Among the remaining high redshift candidates, we find intrinsic stellar masses
between 1×106M and 4×109M, and rest-frame UV absolute magnitudes between −22.6 and −14.5
mag. While our sample is mostly comprised of LUV /L
∗
UV < 1 galaxies, there are a number of brighter
objects in the sample, extending to LUV /L
∗
UV ∼ 2. The galaxies in our sample span approximately
four orders of magnitude in stellar mass and star-formation rates, and exhibit ages that range from
maximally young to maximally old. We highlight 11 galaxies which have detections in Spitzer/IRAC
imaging and redshift estimates z ≥ 6.5, several of which show evidence for some combination of
evolved stellar populations, large contributions of nebular emission lines, and/or dust. Among these
is PLCKG287+32-2013, one of the brightest z ∼ 7 candidates known (AB mag 24.9 at 1.6µm) with
a Spitzer 3.6µm flux excess suggesting strong [OIII] + H-β emission (∼1000A˚ rest-frame equivalent
width). We discuss the possible uses and limits of our sample and present a public catalog of Hubble
0.4–1.6µm + Spitzer 3.6µm and 4.5µm photometry along with physical property estimates for all 207
objects in the sample. Because of their apparent brightnesses, high redshifts, and variety of stellar
populations, these objects are excellent targets for follow-up with the James Webb Space Telescope.
Keywords: galaxies: high redshift
1. INTRODUCTION
Properties of z & 6 galaxies are interesting not only for
piecing together the role of galaxies in reionization, the
period of time in the universe when energetic photons
ionized neutral hydrogen in the intergalactic medium
(IGM), but also as the key building blocks in galaxy for-
mation models. Galaxies in this epoch often reveal char-
acteristics rarely seen in local galaxies. Average stellar
properties of galaxies up to z ∼ 4− 5 have been reason-
ably well characterized; with access to a wealth of infor-
mation from multiwavelength observations of character-
istic galaxies, such as rest-frame optical and infrared (IR)
data from Keck and Herchel for z ∼ 2− 3, and the Ata-
cama Large Millimeter Array (ALMA) for z ∼ 1− 5, we
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have detailed accounts of basic physical properties such
as star formation rate (SFR), stellar mass, and age, as
well as metal enrichment and dust content for galaxies in
this regime (e.g., Sanders et al. 2020; Duncan et al. 2020;
Fudamoto et al. 2020). The picture becomes much less
clear at higher redshifts, where due to intrinsic faintness
of distant galaxies, increased absorption by the IGM, and
the difficulty of obtaining red enough data to break de-
generacies, we often have to rely on broadband imaging
data and spectral energy distribution (SED) fitting for
this information.
Broadband photometry and, in particular,
Spitzer/Infrared Array Camera (IRAC) fluxes play
an important role in measuring physical properties
of galaxies at z & 6. Because the rest-frame optical
wavelengths are redshifted into the infrared in this
regime, Spitzer/IRAC 3.6µm and 4.5µm ([3.6] and [4.5]
hereafter) observations are necessary for constraints of
SFR, stellar mass, and age until James Webb Space
Telescope (JWST) is functional.
There have been a multitude of studies using
Spitzer/IRAC fluxes to probe the rest-frame optical
wavelengths of high redshift galaxies. Notable exam-
ples include large surveys such as Hubble Frontier Fields
(HFF, Lotz et al. 2017; Merlin et al. 2016; Castellano
et al. 2016; Di Criscienzo et al. 2017; Santini et al.
2017; Shipley et al. 2018; Bradacˇ et al. 2019), Hub-
ble Ultra Deep Field (HUDF, Yan et al. 2005; Eyles
et al. 2005; Labbe´ et al. 2010), GOODS Re-ionization
Era wide-Area Treasury from Spitzer (GREATS, Ste-
fanon et al. 2019), Cluster Lensing and Supernova Sur-
vey with Hubble (CLASH, Postman et al. 2012; Bouwens
et al. 2014), and Spitzer UltRa-Faint Survey (SURF-
SUP, Bradacˇ et al. 2014; Ryan et al. 2014; Huang et al.
2016a). Spitzer/IRAC [3.6] and [4.5] broadband imaging
has been integral to facilitate and contextualize high-
impact discoveries, such as evidence of evolved stellar
populations at z > 8 (Zheng et al. 2012; Huang et al.
2016a; Hashimoto et al. 2018; Mawatari et al. 2020; Strait
et al. 2020), discovery of the most distant spectroscop-
ically confirmed galaxy, Gnz11 (Oesch et al. 2016), dis-
covery of the highest-redshift Lyman-α detection (Smit
et al. 2015; Zitrin et al. 2015; Oesch et al. 2015; Roberts-
Borsani et al. 2016), measurement of nebular emission at
z ∼ 4 (Shim et al. 2011; Stark et al. 2013; Caputi et al.
2017; Bouwens et al. 2016; Faisst et al. 2016, 2019), and
later measurement of nebular emission and stellar prop-
erties at z > 5 (Roberts-Borsani et al. 2016; Huang et al.
2016b; Stefanon et al. 2019; De Barros et al. 2019; La-
porte et al. 2014; Bridge et al. 2019).
While the above surveys have established groundwork
for observations of bright and faint galaxies at z &
6, open questions centered around characterizing high-
redshift populations remain. Ionization field, dust con-
tent, metal enrichment, and ionizing photon production
are some examples of still mostly unknown quantities for
a “normal” galaxy at z ≥ 5.5. The answers to these
unknowns will require significant spectroscopic followup
time with existing and future telescopes.
In this work, we use Spitzer/IRAC observations to
measure physical properties and identify the most inter-
esting galaxies for future spectroscopic follow-up. Unique
to this work is the use of gravitational lensing of a large
number of galaxy clusters to probe the most appar-
ently bright but perhaps intrinsically fainter high red-
shift sources. The Reionization Cluster Lensing Survey
(RELICS, PI Dan Coe) and companion survey Spitzer -
RELICS (S-RELICS), were designed to characterize the
population of galaxies at these redshifts, and to attempt
to find bright and rare galaxies at these epochs. To this
end, these surveys image 41 massive clusters with Hub-
ble Space Telescope (HST) imaging data from RELICS
for all 41 of these clusters, which was used to select 321
z ≥ 5.5 candidates (Salmon et al. 2020). Here we add
the S-RELICS Spitzer/IRAC imaging to further refine
and characterize this sample.
The structure of the paper is as follows: We describe
HST and Spitzer imaging data and photometry in Sec-
tion 2, our SED modeling procedure and calculation of
stellar properties in Section 3, and lens models used for
correction to relevant stellar properties in Section 4. We
present SED fitting results in Section 5 and we con-
clude in Section 7. Throughout the paper, we will give
magnitudes in the AB system (Oke 1974), and we as-
sume a ΛCDM cosmology with h = 0.7, Ωm = 0.3, and
ΩΛ = 0.7. Equivalent widths are quoted in the rest-
frame.
2. OBSERVATIONS AND PHOTOMETRY
All imaging data used for this analysis were obtained
through a combination of RELICS and archival data.
Each cluster was observed with HST and Spitzer and
was reduced in a way that optimizes the search for high-z
galaxies. Here we briefly summarize the observing strat-
egy of the survey, but in depth information about ob-
servations can be found on the RELICS website1 and in
the RELICS overview paper (Coe et al. 2019). Images of
selected HST and bands and both Spitzer channels for
the z ≥ 6.5, IRAC-detected sample are shown in Figure
1.
2.1. HST
Each cluster was observed with two orbits of Wide
Field Camera 3/ Infrared (WFC3/IR) imaging split
among the F105W, F125W, F140W, and F160W filters,
and three orbits of Advanced Camera for Surveys (ACS)
split among F435W, F606W, and F814W (minus archival
optical imaging), for a total of 188 HST orbits. Sev-
eral clusters had archival ACS and/or WFC3 imaging in
other filters (F390W, F475W, F555W, F625W, F775W,
F850LP, F110W) and some clusters which received ad-
ditional data from a subsequent proposal. Most clusters
reach approximate HST depths of ∼ 27 mag in ACS
bands and ∼ 26 mag in WFC3 bands.
In this paper, we use the catalogs based on a detec-
tion image comprised of the 0.06”/pixel weighted stack
of all WFC3/IR imaging (to optimize the search for high-
z galaxies), described in Coe et al. (2019) and available
on MAST2.
2.2. Spitzer Data and Photometry
Spitzer/Infrared Array Camera (IRAC) images for all
clusters come from a combination of S-RELICS (Spitzer -
RELICS, PI Bradacˇ #12005, 13165, 13210), Director’s
1 https://relics.stsci.edu/
2 https://archive.stsci.edu/prepds/relics/
3Discretionary Time (PI Soifer #12123), for a total of
over 1000 hours of exposure time, and additional archival
data. 13 clusters that had promising z ∼ 8 targets re-
ceived deeper data via a follow-up proposal, to reach a
total of 30 hours exposure time per band (depth ∼26
mag) in each channel. All clusters reach a total of 5
hours of exposure time (depth ∼24 mag) in each of IRAC
channels 1 and 2 ([3.6] and [4.5]). A complete accounting
of Spitzer data can be found in Table 1 and all shallow
images are available on IRSA3. All raw data are available
for download on the Spitzer Heritage Archive (SHA4).
2.2.1. Reduction
To reduce and mosaic Spitzer images, we closely fol-
low the process described by Bradacˇ et al. (2014) for the
SURFSUP survey, which also consists of IRAC images
used for a search of high-z galaxies. Briefly, we begin
downloading the corrected-basic calibrated data (cBCD)
from the SHA. The cBCDs have been processed by the
IRAC pipeline to remove instrumental artifacts, and to
calibrate into physical units (MJy sr−1). We apply addi-
tional mitigation measures using custom scripts; specifi-
cally, we correct for the warm-mission column pulldown
(using bandcor warm.c by M. Ashby) and muxstriping
(using automuxstripe.pro by J. Surace) that often oc-
curs when bright sources are present (these scripts are
located on the IRAC Cookbook website5). To create the
mosaic images we use the MOsaicker and Point source
EXtractor (MOPEX) command-line tools and largely fol-
low the process described in the IRAC Cookbook for the
COSMOS medium-deep data. The corrected frames are
background-matched using the overlap.pl routine from
MOPEX and then drizzle-combined into a mosaic using
the mosaic.pl routine. The final mosaics have a pixel
scale of 0.6”pix−1 and a pixel fraction of 0.1. As a last
step, we use the Tweakreg routine from DrizzlePac,
which compares the positions of bright objects in Spitzer
and HST images, to correct for any shifts in relative as-
trometry.
2.2.2. Flux Extraction and Error Analysis
Intracluster light (ICL) subtraction, background sub-
traction, and flux extraction is done using T-PHOT
(Merlin et al. 2015), designed to perform PSF-
matched, prior-based, multi-wavelength photometry on
low-resolution imaging as described by Merlin et al.
(2015, 2016). This is done by convolving cutouts from
a high resolution image (in the case of this work,
HST/WFC3 F160W) using a low resolution PSF trans-
formation kernel that matches the high-resolution image
to the low-resolution (in our case, [3.6] and [4.5]) image.
T-PHOT then fits a template to each source detected
with HST and convolves the template with a PSF trans-
formation kernel to match the resolution to that of the
IRAC image. T-PHOT then solves for the solution where
the model image created from the convolved HST image
best matches the pixel values in the real IRAC image
and outputs fluxes for each template. We use the F160W
image and WFC3/IR total weighted segmentation map
3 https://irsa.ipac.caltech.edu/data/SPITZER/SRELICS/
4 https://sha.ipac.caltech.edu/applications/Spitzer/SHA/
5 https://irsa.ipac.caltech.edu/data/SPITZER/docs/
dataanalysistools/cookbook/
as the priors for T-PHOT. Because T-PHOT takes a
template-fitting approach where all templates are solved
for simultaneously, an approach designed for blank fields
which have a zero mean background, we fit each high-z
candidate separately, running T-PHOT on a small FOV
centered on the candidate, to account for the changing
background and ICL in a cluster field. Within the 12”
(∼ 70 kpc for cluster redshift of z = 0.4) FOV on which
we run T-PHOT, the background shows minimal vari-
ation: in most cases, where the object is far from the
cluster center, we see no variation in background (i.e.,
the variation is centered on zero and random), while this
can reach as high as ∼ 20% where ICL is denser near the
cluster center. For these reasons, and due to the fact that
most of our galaxies are far from the cluster center where
ICL is not dense, further ICL modeling and subtraction
are not necessary in addition to subtracting background.
While T-PHOT is useful for predicting fluxes of ob-
jects with potential blending, it does not account for this
blending in its output uncertainties. However, it calcu-
lates a covariance matrix which includes the covariance
between each object and every other object in the image.
This can be used to calculate a maximum covariance in-
dex (R[3.6],[4.5]), which is the ratio of the covariance of
an object with its closest or brightest neighbor and its
own variance. If this value is higher than 1, the object is
severely blended with a neighbor and caution should be
taken interpreting fluxes. We report the R[3.6],[4.5] val-
ues with the fluxes in Table 3 and include them in the
catalog for all sources in the sample.
In practice, T-PHOT does not work as well near bright
sources and the cluster center, creating artifacts in the
residual (see several objects in Figure 1). For this reason,
we only include fluxes in this work for which we believe
we are able to reliably extract Spitzer fluxes, meaning
the residual on top of the high-z candidate is not a resid-
ual artifact due to a bright nearby source. To ensure T-
PHOT is not underestimating flux uncertainties, we cal-
culate our own statistical uncertainties for each source.
In the residual image, we measure background levels 100
times within 3” of each high-z candidate, avoiding ar-
tifacts from neighboring objects. The mean should fall
close to zero, and we take the standard deviation as the
error. In most cases, this error is smaller than the error
reported by T-PHOT, however in some cases it is larger.
In those cases, we use the larger uncertainty.
The PSF and convolution kernel used to convolve
prior HST images to the resolution of IRAC images
are important for this process. We create a PSF by
stacking point sources, identified with a Source Ex-
tractor (Bertin & Arnouts 1996) run with the follow-
ing parameters: DEBLEND MINCONT = 10−7, MINAREA = 9,
DETECT THRESH = 2, and ANALYSIS THRESH = 2. We se-
lect point sources using the stellar locus in FLUX RADIUS
vs. MAG AUTO space for every object in the IRAC image
(not just in the HST FOV). After the point sources are
selected, we further require that their axis ratio is > 0.9
and that they are sufficiently separated from neighbors to
have a secure centroid. We recompute the PSF centroids
by fitting a Gaussian profile to the inner profile (r < 4
pixels), and align the point sources using sinc interpola-
tion. At each phase we subtract the local background and
normalize the flux of the point source to one. We sigma-
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Table 1
Exposure Times and Programs of Spitzer data
Cluster RA
1
Dec
1
Exposure Time Program
*
PLCKG004-19 19:17:4.50 −33:31:28.5 30, 30 hours 13165, 12005, 12123
SPT0615-57 06:15:54.2 −57:46:57.9 30, 30 hours 80012, 12005, 12123, 13210
CL0152-13 01:52:42.9 −13:57:31.0 30, 30 hours 17, 20740, 50726, 70063, 12005, 12123, 14017
ACT0102-49 01:02:53.1 −49:14:52.8 30, 30 hours 70149, 12123, 12005, 14017
PLCKG287+32 11:50:50.8 −28:04:52.2 30, 30 hours 12123, 13165, 12005
PLCKG308-20 15:18:49.9 −81:30:33.6 30, 30 hours 12123, 12005, 14017, 14253
MS1008-12 10:10:33.6 −12:39:43.0 30, 30 hours 12005, 12123, 14017
RXS0603+42 06:03:12.2 +42:15:24.7 30, 30 hours 12005, 12123, 14017
SMACS0723-73 07:23:19.5 −73:27:15.6 30, 30 hours 12123, 12005, 14017
Abell1763 13:35:18.9 +40:59:57.2 30, 30 hours 12123, 13165, 12005
MACS0553-33 05:53:23.1 −33:42:29.9 30, 30 hours 90218, 12005, 12123, 14281
MACS0257-23 02:57:10.2 −23:26:11.8 5, 5 hours 60034
RXC0600-20 06:00:09.8 −20:08:08.9 5, 5 hours 12005, 12123, 90218
MACS0025-12 00:25:30.3 −12:22:48.1 5, 5 hours 60034
Abell2163 16:15:48.3 −06:07:36.7 9, 9 hours 50096, 12005, 12123, 14242
Abell1758 13:32:39.0 +50:33:41.8 6, 6 hours 83, 60034
RXC0018+16 00:18:32.6 +16:26:08.4 5, 5 hours 12005, 83, 12123
Abell520 04:54:19.0 +02:56:49.0 10, 10 hours 12005, 12123
MACS0308+26 03:08:55.7 +26:45:36.8 5, 5 hours 12005, 12123
RXC0911+17 09:11:11.4 +17:46:33.5 30, 30 hours 60034, 14281
Abells295 02:45:31.4 −53:02:24.9 30, 30 hours 70149, 12005, 12123, 14281
Abell665 08:30:57.4 +65:50:31.0 7, 5 hours 12005, 12123, 14253
Abell3192 03:58:53.1 −29:55:44.8 5, 5 hours 12123, 12005,
PLCKG209+10 07:22:23.0 +07:24:30.0 5, 5 hours 12123, 12005
Abell2537 23:08:22.2 −02:11:32.4 5, 5 hours 60034, 41011
SPT0254-58 02:54:16.0 −58:57:11.0 5, 5 hours 12123, 12005
RXC0142+44 01:42:55.2 +44:38:04.3 5, 5 hours 12123, 12005
Abell1300 11:31:54.1 −19:55:23.4 7, 5 hours 12005, 12123, 14253, 14242
MACS0159-08 01:59:49.4 −08:50:00.0 7, 5 hours 12005, 12123, 14253
MACS0035-20 00:35:27.0 −20:15:40.3 5, 5 hours 12123, 12005
WHL0137-08 01:37:25.0 −08:27:25.0 7, 5 hours 12123, 12005, 14253
Abell697 08:42:58.9 +36:21:51.1 5, 6 hours 83, 60034, 14130, 14253
PLCKG138-10 02:27:06.6 +49:00:29.9 5, 5 hours 12123, 12005
PLCKG171-40 03:12:56.9 +08:22:19.2 7, 5 hours 12123, 12005, 14253
RXC0032+18 00:32:11.0 +18:07:49.0 5, 5 hours 12123, 12005, 90218
RXC0232-44 02:32:18.1 −44:20:44.9 7, 5 hours 12123, 12005, 14253
RXC0949+17 09:49:50.9 +17:07:15.3 5, 5 hours 12123, 12005
RXC1514-15 15:15:00.7 −15:22:46.7 5, 5 hours 12123, 12005, 14253
RXC2211-03 22:11:45.9 −03:49:44.7 6, 5 hours 90218, 12005, 12123, 14253
Abell2813 00:43:25.1 −20:37:14.8 7, 5 hours 60034, 14253
MACS0417-11 04:17:33.7 −11:54:22.6 5, 5 hours 12123, 12005, 90218
1 RAs and Decs correspond to cluster centers.
* Program IDs included in our reduction. ID #12005, 13165, 14281, 13165, 13210, 14017: PI Marusˇa Bradacˇ.
#12123: PI Tom Soifer, #60034, 90218 PI Eiichi Egami, #14253 PI Mauro Stefanon, #14242 PI Andra Stroe,
#50096 PI Paul Martini, #70149 PI Felipe Menanteau, #83 PI George Rieke, #14130 PI Rychard J Bouwens,
#17 PI Giovanni Fazio, #20740, 50726, 70063 PI Bradford P Holden, #80012 PI Mark Brodwin
clip average the masked, registered, normalized point
sources and do one further background correction to en-
sure the convolutions with T-PHOT are flux conserving.
Our stacked PSFs are consistent with the IRAC hand-
book6, and each of our clusters’ PSFs contains at least
40 point sources per IRAC channel. In practice, the PSF
convolution kernel needs to be “sharpened” to produce
cleaner residuals. For each individual high-z candidate,
we experiment with increasing and decreasing the weight
of the core of the PSF to produce the cleanest residual.
Most of the time, this means decreasing the weight of the
core by a factor of 0.8-0.9.
3. ESTIMATING GALAXY PROPERTIES
Throughout this work, we will refer to two separate
methods for estimating physical properties of galaxies.
Method A is our primary routine which we use in order
6 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/
to compare to previous similar works (e.g., Huang et al.
2016b; Bradacˇ 2020). We mainly refer to results from
Method A in this work (e.g., the values in Table 4, results
in Figures 2 and 5). Method B is a secondary routine
which we will use for comparison purposes in Figures 3
and 4, as well as discussion of biases and uncertainties in
our analysis (Section 3.3), and in the exploration of the
six objects we discuss in detail in Section 5. We report
results from both analyses in the attached catalog (see
Section 5.2.)
3.1. Method A
In our primary SED fitting method, we first fit for red-
shift, and then use the resultant redshift posterior when
fitting for other properties. We start by calculating col-
ors from HST and IRAC imaging to estimate a redshift
probability distribution function (PDF) for each source
using the redshift estimation code Easy and Accurate
Redshifts from Yale (EAzY, Brammer et al. 2008). This
code compares the observed SEDs to a set of stellar pop-
5Table 2
Properties of SED Fitting Methods
Method A Method B
Software EAzY BAGPIPES
Redshift 0 – 12 4 – 11
Formation age 10Myr – age of universe 1 Myr – age of universe
Metallicity 0.2Z 0.005 – 5 Z
Ionization log(U) not known a priori -4 – -1
Dust SMC, E(B-V) = 0 – 1 Calzetti, AV = 0 – 3mag
1
Templates BC03+nebular emission BPASS+CLOUDY nebular emission
1 2x more dust surrounding HII regions for their first 10 Myr
ulation templates. Using linear combinations of a base
set of templates from Bruzual & Charlot (2003, BC03)
and no priors on magnitude, EAzY performs χ2 mini-
mization on a user-defined redshift grid, which we define
to range from z = 0.1− 12 in linear steps of δz = 0.1,
and computes a PDF from the minimized χ2 values. We
use this PDF to calculate best-fit redshift and uncertain-
ties, but opt for a slightly different process to calculate
stellar properties.
To calculate stellar properties, we sample from the red-
shift PDF (we do not fix a redshift) and our photometry
assuming a normal error distribution 1000 times, each
time finding a best fit template, again with EAzY. In
order to be able to extract physical properties associ-
ated with each template, we do not allow linear combi-
nation of templates during this stage of SED fitting. We
use a set of ∼2000 stellar population synthesis templates
from the updated BC03 templates from 20167, assum-
ing the following: a Chabrier initial mass function (IMF,
Chabrier 2003) between 0.1 and 100 M, a metallicity
of 0.2 Z, a constant star formation history (SFH), a
Small Magellenic Cloud (SMC) dust law (Prevot et al.
1984) with Estellar(B-V)=Enebular(B-V) with step sizes of
∆E(B-V)=0.05 for 0-0.5 mag and 0.1 for 0.5-1 mag. We
allow formation age (the age from when the first stars in
the galaxy formed) to range from 10 Myr to the age of
the universe at the redshift of the source. In Section 3.3,
we discuss the motivations behind these assumptions and
the biases and uncertainties that come from our choices.
We also include nebular emission lines and continuum
to account for the role these can have in contributing
to broadband fluxes (Schaerer & de Barros 2010; Smit
et al. 2014). To do this, we first calculate hydrogen
recombination line strength following the relation from
Leitherer & Heckman (1995), scaling from integrated
Lyman-continuum flux, and then follow the strengths
determined with nebular line ratios by Anders & Fritze-
v. Alvensleben (2003). We also include Lyman-α, calcu-
lating expected strengths using the ratio with H-α and
assuming a Case B recombination in Brocklehurst (1971)
with a Ly-α escape of 20%.
3.2. Method B
For our secondary method of estimating galaxy prop-
erties, we use the program Bayesian Analysis of Galaxies
for Physical Inference and Parameter EStimation (BAG-
PIPES, Carnall et al. 2018). Instead of the default
BC03 models, we implemented the Binary Population
7 http://www.bruzual.org/ gbruzual/bc03/
and Spectral Synthesis (BPASS v2.2.1, Eldridge & Stan-
way 2009) templates, reprocessed to include nebular con-
tinuum and emission lines using the photoionization code
CLOUDY c17.01 (Ferland et al. 2017). BAGPIPES fits red-
shift in parallel with physical properties of galaxies using
the MultiNest nested sampling algorithm (Feroz & Hob-
son 2008; Feroz et al. 2009; Feroz & Skilling 2013) to
navigate the multi-dimensional space of physical param-
eters. For this work, we implement an exponential SFR
with flexibility to rise, stay constant, or decline:
SFR(t) ∝ e−t/τ , (1)
τ =
tobs − tform
tan(Rpi/2)
, (2)
for a galaxy observed at time tobs that began form-
ing stars at time tform. The parameter R dictates the
rate of increase, ranging from −1 (maximally old burst),
through negative fractional values (declining), 0 (con-
stant), positive (increasing), to +1 (maximally young
burst). We use the BPASS IMF imf135 300: Salpeter
slope α = −2.35 between 0.5 and 300 M and shallower
α = −1.3 for lower mass stars 0.1 – 0.5 M. Dust in
BAGPIPES assumes a functional form described by the
Calzetti Law (Calzetti et al. 2000), and we assign twice
as much dust around HII regions as in the general ISM
in the galaxy’s first 10 Myr. We allow dust extinction
to range from AV = 0 to 3 magnitudes. We vary metal-
licity in log space from 0.005 to 5 Z and allow ages of
formation from 1 Myr to the age of the universe. These
parameters are summarized in Table 2, and biases and
uncertainties are discussed in Section 3.3.
We reprocess the BPASS stellar continuum spectra us-
ing CLOUDY. Hydrogen and helium scale factors, as well
as other model details, are listed in Eldridge & Stanway
(2009). We allow the ionizaton parameter log(U) to vary
from −4 to −1, allowing a very large dynamic range of H-
β[OIII]λ4959,5007A˚ (EW can be > 10000A˚ for the most
extreme ionization conditions).
3.3. Biases and Uncertainties
The biases and uncertainties associated with SED fit-
ting have been well-documented (e.g., Papovich et al.
2001; Shapley et al. 2001; Lee et al. 2009; Salmon et al.
2015; Carnall et al. 2018; Leja et al. 2019), and we further
explore in this section considerations relevant to proper-
ties of our sample presented in this work.
3.3.1. Star Formation Histories
While there have been studies on the effect of SFH
on inferred galaxy properties at lower redshift (z < 2,
6 Strait et al.
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Figure 1. HST images and Spitzer/IRAC neighbor-subtracted images (NSIs) for each of the 11 galaxies that have both a best fit redshift
of z ≥ 6.5 and at least one Spitzer/IRAC detection. From left to right, F435W, F814W or F850LP (ACS, where z > 7 galaxies should not
be detected), F125W, F160W (WFC3/IR), and Ch1, Ch2 of Spitzer. The cutouts are 12”x12”, and the object is centered, near the red
tick marks.
e.g., Pacifici et al. 2016; Carnall et al. 2018; Leja et al.
2019; Lower et al. 2020), few studies have focused on
the very high redshift regime we consider. The lower-
redshift studies show that a bias can be introduced in
stellar mass, SFR and age from a choice of any param-
eterized SFH model (e.g., exponential or constant), due
to the intrinsically bursty and stochastic nature of star
formation. Specifically, Carnall et al. (2019) find that
stellar mass, SFR and mass-weighted age vary with the
choice of SFH model for mock photometry at z = 0 by
at least 0.1, 0.3 and 0.2 dex, respectively. Furthermore,
they find that, generally, photometric data alone can-
not discriminate between SFH models. While the need
to constrain SFHs may be somewhat alleviated at very
high redshifts, as the universe has only had ∼750 Myr to
form galaxies at z ∼ 8, the very beginning of SFHs leave
little imprint on a galaxy’s SED, making it difficult to
fully constrain. For this reason, we distinguish between
formation age and mass-weighted age. We define forma-
tion age as tobs − tform, or the age of a galaxy observed
at time tobs since it first started forming stars at time
tform. While this is a useful parameter for constraining
the beginning of galaxy formation and reionization, we
also report mass-weighted age, as this is a more robustly
constrained parameter (Leja et al. 2019). Mass-weighted
age is defined as:
ageMW = tobs − tMW (3)
tMW =
∫ tobs
tform
t SFR(t) dt∫ tobs
tform
SFR(t) dt
. (4)
3.3.2. Metallicity and Dust
In our Method A SED fitting template library, we as-
sume a metallicity of 0.2Z. While there is evidence
that this assumption is appropriate for at least some of
our sample (Jones et al. 2020), we still test the effects of
these biases by fitting our data to templates using several
dust laws and metallicities, and find that changing the
dust law choice from SMC to Milky Way biases stellar
masses high by ∼ 0.5 dex, and that even large changes
in metallicity introduce subdominant biases, < 0.1 dex.
In Method B, we allow a range of metallicities and at-
tenuations in order to remain agnostic to this issue.
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Figure 2. The SEDs and best-fit templates from the Method A SED fitting described in Section 3 for each of the 11 galaxies which have
both z ≥ 6.5 and at least one detection in Spitzer/IRAC. Data are shown as black squares with error bars, and predicted photometry from
models are shown as red and blue translucent diamonds. Blue template is the object’s best-fit high redshift (z > 4) template; red template
is the object’s best-fit template at the secondary peak in the redshift PDF (or where it would be if there is not one). Inset: Redshift PDF;
dotted line is using HST only (as in Salmon et al. 2020) and solid line is PDF using HST and Spitzer fluxes.
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Figure 3. Results of SED fitting for the first 6 of 11 objects in the sample which had both a redshift of at least z ≥ 6.5 and at least one
detection in Spitzer/IRAC. In yellow/tan filled histograms, the distribution of stellar mass, SFR, sSFR, age, and formation time resulting
from Method A, and dark green open histograms show the distribution of the same properties resulting from Method B. These are described
in full in Section 3.
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Figure 4. Results of SED fitting continued from Figure 3 for the last 5 of 11 objects in the sample which had both a redshift of at least
z ≥ 6.5 and at least one detection in Spitzer/IRAC.
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3.3.3. Nebular Emission
It has been shown that emission lines can contribute
significantly to broadband flux, and several recent stud-
ies have shown that these emission lines can be more ex-
treme than previously thought. For example, the combi-
nation of H-β and [OIII] can sometimes be up to∼ 3000A˚
in their rest-frame equivalent width (Labbe´ et al. 2013;
Finkelstein et al. 2013; Smit et al. 2015), and are regu-
larly observed to be ∼700A˚ (Endsley et al. 2020). We
have included nebular emission in our templates, as de-
scribed in Section 3. With our observational setup, the
most relevant contaminating lines are [OIII] and H-β,
as these are the likely strongest emission lines in our
observed-frame window. These lines are observed in our
templates from Method A to span a dynamic range from
0 to ∼ 2000A˚ in rest-frame equivalent width. This range
allows for extreme line emitting galaxies to be identified
for all but the rarest objects. However, there is a degener-
acy in IRAC colors between extreme line-emitting galax-
ies at z ∼ 8 and those with a steep Balmer/Dn(4000A˚)
break (hereafter, Balmer break), signifying an evolved
stellar population. Since we allow for both in our tem-
plates in Method A, and allow ionization parameter
log(U) to vary to extreme values in Method B, where
[OIII] can have EWs upwards of 10000A˚, our approach
makes us agnostic to this issue. The degeneracy between
a Balmer break and strong [OIII]+H-β emitters, how-
ever, cannot be truly disentangled without secure spec-
troscopic redshifts, to determine in which IRAC band the
emission lines fall.
3.3.4. Binary Stars
Lastly, it has been shown that the inclusion of binary
stars in the creation of stellar population synthesis tem-
plates can influence the results (Eldridge et al. 2008).
For this reason, we use BPASS templates in Method B.
We find that the change from BC03 to BPASS templates
alone does not significantly change our results in terms
of the average redshifts and stellar properties of our can-
didates, though considerable changes can be induced for
individual candidates.
3.3.5. Differences in SED Fitting Methodology
Due to the fact that we are varying assumptions in
modeling as discussed above as well as using two differ-
ent methods of fitting models to our data, the differences
must be carefully interpreted. In Method A, we are cre-
ating a grid of best-fit solutions after each iteration of
sampling from photometry. The results of this method
rely heavily on the template set that we have generated
– specifically, how age is sampled, and what ionization
or dust conditions are allowed. Taking only the best-fit
on each iteration may not take into account solutions
that are nearly as good as the best fit solution (e.g., the
“second-best fit”). In turn, this may affect our results by
not including all “good” fits to the data. We believe this
may be part of the reason that our results from Method
A are, in general, peakier and sometimes bimodal, rather
than a broader, unimodal distribution like those seen in
Method B.
Method B uses Nested Sampling, which, similar to
Markov Chain Monte Carlo techniques, is a robust way
to calculate posteriors for distributions that may be mul-
timodal or may have pronounced degeneracies. Rather
than sampling from photometry, BAGPIPES explores an
n-dimensional parameter space, each time judging the
goodness of fit and, taking into account the input pri-
ors, outputs a marginalized posterior for all n param-
eters that are being fit. This means that generally, a
smoother distribution of each parameter is found, and
nearly all “good” solutions for the data are reported in
the posteriors.
While these differences in methodology affect our re-
sults for individual galaxies, we note that the overall sam-
ple distributions (stellar mass, SFR, sSFR) do not change
dramatically, with the exception of formation age (see
Section 5). This is likely because formation age is a diffi-
cult parameter to constrain, and due to our assumption
of a constant SFH in Method A.
4. LENS MODEL MAGNIFICATION MAPS
Many of our derived properties are unaffected by lens-
ing, including age, dust extinction, metallicity, sSFR,
and emission line strengths. Other properties (stellar
mass, SFR, MUV) must be corrected for lensing magni-
fications. To do so, we use magnification maps provided
by RELICS lens modeling teams. The maps we utilize
in this work are from one of three types of lens models:
Lenstool (Jullo & Kneib 2009), Glafic (Oguri 2010), and
light-traces-mass (LTM, e.g., Zitrin et al. 2013). Several
papers have been published describing the lens models
(Cerny et al. 2018; Acebron et al. 2018; Cibirka et al.
2018; Paterno-Mahler et al. 2018; Acebron et al. 2019a;
Mahler et al. 2019; Acebron et al. 2019b; Okabe et al.
2020). All models used in this work are available on
MAST for public use. Not every model has been de-
tailed in a publication, but the general methods are very
similar to those described in the papers listed here.
For each method, a routine bootstrapping of lensing
constraints is performed to create 50–100 models, each
yielding a magnification estimate given a lensed galaxy’s
position and redshift. We adopt the Method B median
redshifts, extract the 50–100 magnification estimates,
then take the median as the estimate from each method.
For clusters modeled by 2 or 3 methods, we take the aver-
age of those median estimates as our final magnification
estimate for that galaxy.
The lens models provide magnification estimates for
150 of our 207 high-z candidates. The median of these
150 estimates is µ = 2.9, and 127 (85%) of those have
µ < 10. Only 6 have µ > 30, the highest being
µ = 96 for plckg287+32-2457, an average of 107 and
85 from GLAFIC and LTM, respectively. We have rea-
son to doubt individual magnification estimates µ > 30
(Meneghetti et al. 2017), but the average of medians
lends somewhat more confidence to the few higher es-
timates reported here.
For some RELICS clusters, no strong lensing models
are available, as no multiple images were identified in
the HST imaging. In those cases, we adopt a nominal
magnification of µ = 3 for all high-z candidates. This
is roughly the median of the 150 estimates and within a
factor of 3 for 125 (83%) of those.
Given magnification estimates for all 207 high-z candi-
dates, we divide our derived mass, SFR, and luminosity
by these magnifications before reporting the results in
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Figure 5. The distribution of LUV/L
∗
UV, intrinsic luminosity nor-
malized by the characteristic luminosity for that object’s redshift,
for (in teal/blue) all 207 galaxies in the sample, (in tan) galaxies
that were detected at least once by Spitzer/IRAC, and (in orange)
galaxies that were detected twice in Spitzer/IRAC. A large major-
ity of all three subsets of the sample are LUV /L
∗
UV < 1, with a
few objects at LUV /L
∗
UV ∼ 2.
Table 4. We also report the 68% confidence limits of each
magnification estimate, but we do not add these to the
reported uncertainties of the derived properties. This is
so that the reader can easily use their own magnification
and uncertainty measurements.
The models have varying numbers of multiple-image
lensing constraints, making them not all equally reliable.
For some clusters, no multiple images were identified
for strong lensing analysis. In those cases, we relied on
“blind” LTM models (in contrast with the regular LTM
models mentioned above where constraints are available)
with a mass-to-light normalization typical of other clus-
ters(Zitrin et al. 2012). For these blind LTM models,
the (larger) uncertainties follow from the uncertainties
in typical mass-to-light normalizations.
5. RESULTS
5.1. Sample Selection
The goal of this work is to explore the stellar prop-
erties of z ≥ 5.5 galaxies. We start from the sample
defined in Salmon et al. (2020), which consists of 321
HST -selected galaxy candidates with a best-fit z ≥ 5.5.
Objects in this sample were required to have a median or
peak in photometric redshift P (z) at z ≥ 5.5 in at least
one of the redshift-fitting codes used, a > 3σ detection
in F160W, stellarity of < 98%, and (Y-J) color > 0.45
(to filter out brown dwarfs). The objects also passed an
extensive visual inspection process where they were vet-
ted for diffraction spikes, transients, detector edge noise,
and other image artifacts (see Salmon et al. 2020 for more
details).
We were able to successfully extract fluxes or flux
upper limits in magnitude for 207 galaxies from
Spitzer/IRAC observations using the process described
in Section 2.2.2. The remaining 113 galaxies were too
crowded by bright neighboring sources, usually cluster
members. Most objects for which we could not extract a
Spitzer/IRAC flux were within ∼30” of the cluster cen-
ter. For a flux to be considered reliable, we require that
the residual (model - image) pixels be centered close to
zero with the exception of artifacts from bright objects.
The galaxies which were rejected generally showed a large
over-subtraction or an obvious artifact in the residual. Of
the objects with reliable photometry, 96 have at least one
IRAC detection of S/N > 1. The overall redshift distri-
bution did not change significantly from the HST -only
distribution (Figure 6 in Salmon et al. 2020), though 23
galaxies now have significant peaks in redshift at z < 4.
In our analyses, we focus mostly on our final high red-
shift candidate sample, but discuss the demoted objects
further below.
5.2. Construction of Catalog
In the catalog8, we present the photometry of the 207
objects for which we successfully extracted Spitzer pho-
tometry, including HST fluxes and covariance indices
from T-PHOT which acts as a flag for possible blending
with neighboring sources (galaxies with R[3.6],[4.5] > 1
should be treated with caution, see Section 2 for the
exact definitions). Along with photometry and covari-
ance indices, we include median magnifications from and
68% confidence limits from each lens model available
on MAST, and the mean of those for any clusters with
more than one model. In addition to photometry and
magnification, we include the median values and upper
and lower 68% confidence limits on redshift, SFR, stellar
mass, sSFR, and age from our Method A and B described
in Section 3. Units are described in the header of the
catalog. We note that objects MACS0553-33-1014 and
MACS0553-33-1016 were considered separate objects in
Salmon et al. (2020), but here we consider them the same
galaxy, as their Spitzer/IRAC fluxes are blended and
they are ∼ 0.6” apart. In the catalog, they are listed as
object MACS0553-33-1014. All other objects have the
same ID and coordinates as in Salmon et al. (2020).
5.3. Properties of the Sample
In this Section, we will first discuss the physical prop-
erties of the sample as a whole, presenting distributions
of stellar mass, SFR, and age, and then later individual
galaxies. Unless otherwise stated, we have used Method
A for estimating the stellar properties presented here.
The quantity LUV/L
∗
UV, the intrinsic luminosity of a
source normalized by the characteristic luminosity for
its redshift, informs the intrinsic brightness of our sam-
ple relative to that of the broader galaxy population.
We calculate this by using MUV = H160 + 2.5log10(1 +
z) − 5 × log10(dpc) + 5, where H160 is the observed
F160W flux in AB magnitudes (chosen because all ob-
jects are detected significantly in this band, and K-
corrections using this band are negligible), and dpc is dis-
tance of the object in parsecs. Characteristic magnitude
is M∗UV = (−20.95±0.10)+(0.01±0.06)×(zpeak−6) (the
8 victoriastrait.github.io/relics
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Figure 6. Histograms of best-fit physical parameters derived by Method A. In all panels, teal/blue is all 207 galaxies in the sample, tan is
galaxies with at least one Spitzer/IRAC detection, and orange is galaxies with two Spitzer/IRAC detections. Left: Best-fit log stellar mass
distribution (M). Detected galaxies fall on the higher stellar mass end, showing a bias of Spitzer being able to detect higher stellar mass
objects due to brighter rest-frame optical fluxes. Center: Best-fit log(SFR) distribution (M/yr). Similar to stellar mass, higher SFR
galaxies are more often detected than lower SFR (due to a correlation between M* and SFR). Right: Best-fit log(age) distribution, where
age here is age of formation in years: tobs − tform. Galaxies detected in Spitzer tend to be older. Since we are assuming a constant SFH,
this makes sense because older galaxies will have had more time to form more mass, an effect likely due to both the intrinsic properties of
the galaxies we detect and our assumption of a constant SFH, which requires more massive galaxies to be older.
Table 3
Spitzer Photometry of Selected Galaxies
Object ID R.A. Dec. F160W
1
[3.6]
2
R
3
3.6 [4.5]
2
R
3
4.5
(deg.) (deg.) (mag) (mag) (mag)
abell1758-1942 203.2001098 50.5185167 24.82± 0.05 24.03± 0.17 0.1 > 25.08 0.1
abell1763-1434 203.8333744 40.99017930 26.17± 0.08 25.74± 0.49 0.3 24.75± 0.26 0.3
act0102-49-2391 15.72313210 -49.2393723 26.26± 0.14 25.29± 0.21 0.2 26.03± 0.39 0.3
act0102-49-2551 15.72568030 -49.232616 26.25± 0.12 25.03± 0.16 0.1 25.49± 0.205 0.1
cl0152-13-191 28.17164110 -13.9734429 27.31± 0.16 24.69± 0.15 0.4 25.04± 0.25 0.5
macs0553-33-219 88.3540349 -33.6979484 27.19± 0.18 25.60± 0.31 0.5 26.41± 0.65 0.5
plckg287+32-2013 177.6877971 -28.0760864 24.88± 0.09 23.79± 0.11 0.7 25.24± 0.43 0.7
plckg287+32-698 177.7049678 -28.0707102 25.00± 0.07 24.58± 0.20 0.5 25.01± 0.29 0.5
plckg287+32-777 177.7199024 -28.0715239 25.16± 0.07 24.80± 0.22 0.5 25.48± 0.40 0.5
rxc0600-20-178 90.0271054 -20.1202486 24.42± 0.04 23.89± 0.12 0.2 > 25.32 0.1
rxc0911+17-143 137.7939712 17.7897516 26.45± 0.13 25.86± 0.29 0.1 25.72± 0.36 0.1
1 Observed (lensed) isophotal magnitude (MAG ISO)
2 Spitzer/IRAC Channels 1 and 2 magnitudes measured using T-PHOT with the same aperture as HST
magnitudes and 1-σ error. If detection is < 1-σ, the 1-σ lower limit is reported.
3 Covariance index for Spitzer/IRAC channels (Section 2.2.2)
relation from Bouwens et al. 2015). We then correct for
magnification in MUV and convert both MUV and M
∗
UV
to luminosity. In Figure 5 we present the distribution
of LUV /L
∗
UV for our sample, splitting the sample into
those twice detected by IRAC, at least once detected,
and the entire sample. ∼ 95% of our sample falls at or
below 1LUV /L
∗
UV , with a few objects are ∼ 2LUV /L∗UV ,
suggesting that we are probing a combination of galaxies
characteristic for their redshifts as well as bright, per-
haps unusual ones. The galaxies which are detected in
both IRAC channels are, unsurprisingly, a larger per-
centage of intrinsically bright galaxies (the median value
of LUV /L
∗
UV for galaxies detected in both IRAC chan-
nels is 1.4, or -23.2 mag), however we do detect several
< 0.5LUV /L
∗
UV galaxies.
In Figure 5, we show distributions of best-fit age of for-
mation (tform), stellar mass and SFR, using assumptions
from Method A in Section 3. In each subplot, we again
distinguish between the galaxies that are detected twice
in IRAC, at least once in IRAC, and the entire sample.
It is clear that galaxies in our sample with IRAC de-
tections tend to take on a higher stellar mass, SFR, and
formation age, possibly pointing to an observational bias.
These are the same galaxies which tend towards intrisi-
cally brighter (LUV /L
∗
UV > 1) in Figure 5. We note that
for a constant SFH, which we assume in our Method A
SED fitting method, it is expected for at least some of
these properties to be intrinsically correlated, as it will
take a longer amount of time for a galaxy to build up
a certain amount of mass at a given constant SFR. No-
tably, the overall distributions for the sample (and those
of individual objects) between Methods A and B do not
change appreciably, with the exception of formation age.
As mentioned above, a possible effect at play in the
sample distributions is an observational one: the galax-
ies with the brightest IRAC fluxes are the ones with de-
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Table 4
Photometric Redshift and Stellar Population Modeling Results from Method A of Galaxies detected in [3.6]
and/or [4.5] and having a best-fit redshift of z ≥ 6.5. Full catalog available at victoriastrait.github.io/relics
Object ID z
1
med µ
2
med M
3
stellar SFR
3
t
4
form sSFR
5
E(B−V)6 M71600
(109M) (Myr−1) (Myr) (Gyr−1) (mag) (mag)
abell1758-1942 6.1+0.1−0.1 1.9
+0.4
−0.2 2.0
+1.5
−1.8 6.8
+8.6
−0.7 404
+500
−394 3.6
+101.4
−1.9 0.00
+0.00
−0.00 −22.1+0.8−0.7
abell1763-1434 8.4+0.4−0.4 3.3
+2.4
−0.7 1.2
+0.9
−1.0 5.4
+6.9
−2.3 508
+62
−499 2.9
+102.1
−0.3 0.10
+0.05
−0.05 −21.1+0.8−0.7
act0102-49-2391 6.9+0.2−0.2 4.1
+0.7
−0.7 0.4
+0.2
−0.3 81.5
+3.2
−0.6 509
+210
−497 2.9
+85.6
−0.8 0.05
+0.05
−0.05 −20.6+0.7−0.8
act0102-49-2551 6.8+0.1−0.1 2.2
+0.3
−0.3 3.7
+1.1
−1.0 9.5
+1.2
−3.5 719
+0
−148 2.1
0.5
0.0 0.05
+0.00
−0.05 −20.7+0.8−0.7
cl0152-13-191 6.7+0.2−0.4 1.8
+0.1
−0.1 3.6
+1.8
−1.3 7.3
+3.8
−2.7 719
+89
−0 2.1
+0.0
−0.2 0.20
+0.05
−0.05 −19.6+0.8−0.7
macs0553-33-219 7.6+0.8−6.0 2.4
+0.3
−0.1 0.5
+0.9
−0.4 2.1
+3.0
−1.7 571
+334
−480 2.6
+11.3
−0.9 0.10
+0.60
−0.10 −20.0+0.8−0.7
plckg287+32-698 6.8+0.2−0.2 4.3
+0.7
−0.8 0.6
+0.5
−0.4 5.3
+6.0
−2.1 161
+243
−135 8.2
+34.7
−4.7 0.05
+0.05
−0.05 −22.0+0.8−0.7
plckg287+32-777 7.0+0.2−0.1 4.0
+0.7
−0.4 0.5
+0.4
−0.3 5.5
+5.8
−2.5 102
+185
−84 12.5
+50.8
−7.6 0.05
+0.05
−0.05 −21.8+0.8−0.7
plckg287+32-2013 7.3+0.3−0.3 4.0
+0.5
−0.5 1.5
+0.6
−0.5 6.0
+4.7
−1.0 360
+280
−232 4.0
+6.2
−1.6 0.05
+0.05
−0.00 −22.2+0.8−0.7
rxc0600-20-178 7.1+0.2−0.3 14
+26
−4 1.4
+0.8
−0.8 16.1
+15.8
−7.1 114
+207
−95 11.3
+46.5
−6.9 0.10
+0.05
−0.05 −22.6+0.7−0.8
rxc0911+17-143 8.1+0.4−0.6 1.5
+0.2
−0.1 1.2
+0.8
−0.6 4.6
+3.5
−1.7 571
+70
−480 2.6
+11.3
−0.3 0.05
+0.05
−0.05 −20.7+0.7−0.8
1 Median redshift and 68% CL in PDF described in Section 2
2 Magnification factor: we use the mean of median magnifications for each available lens model. µ is assumed in
SFR, Mstellar, and M(1600) calculations.
3 Intrinsic stellar mass and SFR, assuming µ = µmed. Uncertainties include statistical 68% CLs from photometry
and redshift. To use a different magnification value, multiply the quantity by 1/fµ, where fµ ≡ µ/µmed.
4 Time since the onset of star formation assuming a constant SFR
5 Specific SFR, sSFR ≡Mstellar/SFR
6 Dust color excess of stellar emission. SMC dust law assumed.
7 Rest-frame 1600 A˚ magnitude assuming µmed, derived from the observed F160W mag including a small template-
based k-correction. Uncertainties include statistical 68% CLs from photometry and redshift. To use a different
magnification value, use M(1600) − 2.5log(fµ).
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Figure 7. IRAC [3.6]−[4.5] color vs. redshift for the galaxies in
our sample with at least one IRAC S/N > 3 detection (open cir-
cles with error bars). In red, brown, green, and blue open circles
are PLCKG287+32-2013, RXC0911+14-143, Abell1763-1434, and
ACT0102-49-2391, respectively, the objects we highlight later in §5.
The dark blue filled square is MACS1149-JD from Hashimoto et al.
(2018), an object with evidence for an evolved stellar population at
z = 9.11. Lines are tracks from various models from BC03, showing
the predicted colors for that model. Redshifts are calculated inde-
pendently from these models (see Section 3). PLCKG287+32-2013
and ACT0102-49-2391 have colors consistent with the z = 6.6−6.9
color bump due to [OIII]+H-β emission in [3.6]. Abell1763-1434
aligns well with older, dustier and AGN models.
tections, which will either be old galaxies with a strong
Balmer break or young galaxies with strong emission
lines. This is reflected in the age of formation distri-
butions of each object in Figures 3 and 4. Within the
sample of high-z candidates that received ∼30 hours
of Spitzer imaging, there are several examples of upper
limits in flux constraining young galaxies (i.e., reaching
depths of ∼ 27 mag without seeing a detection and thus
revealing a very blue spectral shape and pointing to a
young stellar population absent of dust). However, a
large majority of the time (because the majority of our
sample contains relatively shallow, ∼ 5 hour IRAC data),
the comparison between detected and undetected galax-
ies is not necessarily a fair one. There could be galaxies
with bright IRAC fluxes in clusters with shallow data
that we are missing. Hence, the distributions in Figure 5
show a combination of the variety of stellar populations
we are probing with our sample and our observational
limits.
In Figure 7, we show the Spitzer/IRAC [3.6]-[4.5] color
as a function of redshift for a variety of models, including
a young (10Myr) and dust-free template, and an evolved
(500Myr) dust-free template, as well as an evolved tem-
plate with E(B-V)=1.00. For comparison, we also in-
clude a Type 2 AGN model. These tracks were created
from our set of BC03 + nebular continuum and emission
templates described in Section 3 (Method A). Plotted
over these models, we show the objects in our data which
have at least one IRAC detection of S/N< 3, highlighting
select objects discussed below. Generally, we find that
the IRAC colors in our sample trace the 10 Myr and 500
Myr models without dust, with some notable exceptions
which we discuss in Sections 5.4.1 and 5.4.3.
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Figure 8. Left: Observed photometry (black), model photometry (open squares), and SEDs of the four objects discussed in Section
5.4.1 from Method B using BAGPIPES. Yellow template is an SED with the median mass-weighted age, blue is 1-σ younger, and red is
1-σ older. See Section 3.3 for distinction between formation age and mass-weighted age. Right: SFHs of the templates on the left, in
corresponding colors. Circles denote times of mass-weighted ages. In gray are all SFH realizations.
16 Strait et al.
24.2
24.3
24.5
24.7
25
25.2
25.5
26
27
M
ag
ni
tu
de
 (A
B)
abell1763-1434 SED fits
0 1 2 3 4 5
Wavelength ( m)
0
100
200
300
400
500
600
700
800
Fl
ux
 (n
Jy
)
 51 Myr (1-sigma younger)
139 Myr (median age mass-weighted)
251 Myr (1-sigma older)
24.8
25
25.2
25.5
26
27
M
ag
ni
tu
de
 (A
B)
rxc0911+17-143 SED fits
0 1 2 3 4 5
Wavelength ( m)
0
100
200
300
400
Fl
ux
 (n
Jy
)
 55 Myr (1-sigma younger)
156 Myr (median age mass-weighted)
264 Myr (1-sigma older)
Figure 9. SEDs and SFHs as in Figure 8 for the two galaxies discussed in Section 5.4.3.
5.4. Detected Objects z ≥ 6.5
RELICS was designed to find and characterize galaxy
populations at high-redshift, apparently bright galaxies
in a variety of fields that would be particularly good can-
didates for spectroscopic follow-up. For this reason, we
highlight the objects we find to have the most informa-
tive data and be best candidates for follow-up. In Figure
2, we show the best-fit Method A SEDs for the 11 galax-
ies in our sample that have at least one S/N > 3 IRAC
detection and a best-fit redshift of z ≥ 6.5. In blue,
we show the best-fit high redshift (z > 4) template and
in red, the best-fit low redshift template (z < 4) using
the Method A assumptions described in Section 3. The
posteriors of stellar mass, formation age, star formation
rate, specific star formation rate, and formation time for
individual objects from Method A are shown in Figures
3 and 4. In yellow/tan filled histograms, we show the re-
sults from Method A (BC03 templates, constant SFH),
and in open dark green histograms, we show the results
of Method B (BPASS, rising/declining SFH defined by
Equation 1, extra birth cloud dust).
Of note in this sample is that several of the objects
have likely redshifts around z ∼ 6.6 − 7, because of
an elevated [3.6] magnitude, which indicates a strong
[OIII]+H-β emission line falling in ch1 at those redshifts.
Additionally, we also see several objects which prefer a
nearly maximally old formation age; that is, the galax-
ies would have started forming < 100 Myr after the Big
Bang.
5.4.1. Objects With Potentially Strong Emission Lines
Of the objects highlighted in this work, the ones with
blue IRAC [3.6]-[4.5] colors at z = 6.8 − 7.0 include
ACT0102-49-2391, Abell1758-1942, PLCKG287+32-698,
PLCKG287+32-777, and PLCKG287+32-2013. Of
these, we focus on three objects in PLCKG287+32: 2013,
698, and 777, as well as ACT0102-40-2391.
We show our analysis of these objects with BAGPIPES
in Figure 8: SEDs fit to the median and ±1σ in mass-
weighted age template (note that we are now using mass-
weighted age, defined in Equation 3 instead of formation
age as it is more easily constrained), and the median ±1σ
in mass-weighted age SFHs in corresponding colors, as
well as all allowed SFHs in gray. In PLCKG287+32-2013,
one can see that the youngest (blue line) template shows
a very recent, steeply rising burst of star formation. With
a lower S/N detection, the range of solutions and SFHs
for ACT0102-49-2391 are much dramatic.
Additionally, we highlight these objects in Figure 7.
Of the four galaxies, PLCKG287+32-2013 has the high-
est S/N [3.6] detection (∼ 9σ). EAzY yields z = 7.3±0.3,
while BAGPIPES finds z = 6.8+0.2−0.1. As can be seen in
Figure 7, both objects show more extreme (blue) IRAC
colors than most of the sample. In combination with the
fact that they are consistent with the expected color de-
crease at z ∼ 6.6 − 6.9 for young, star-forming galaxies,
we believe these are potentially strong [OIII]+H-β emit-
ters. The PLCKG287+32-2013 IRAC color corresponds
to rest-frame equivalent widths of ∼ 1000A˚. Compared
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to galaxies observed at z = 0.2 − 0.9 where [OIII]+H-β
equivalent widths are commonly observed to be < 100A˚
and extreme emission line galaxies (EELGs) are defined
to be anything above that (Mainali et al. 2020; Amor´ın
et al. 2014), this is a relatively high EW, and in line with
the extreme emitters discovered by Endsley et al. (2020)
(1000-4000A˚ at z ∼ 7) and those discovered by Mainali
et al. (2020) (500-2000A˚ at z ∼ 2− 3). These high EWs
suggest a high value of the ionization parameter log(U),
which corresponds to a hard spectrum and an ISM or
even circumgalactic medium (CGM) replete with ener-
getic ionizing photons. One possible consequence of this
suggestion is the presence of an ionized bubble carved
out by star formation (see, e.g., Tilvi et al. 2020) as a
result of an ongoing burst of star formation (consistent
with the youngest SFH for PLCKG287+32-2013 in Fig-
ure 8). Endsley et al. (2020) argue that while galaxies
with extreme [OIII]+H-β may be experiencing a short-
lived burst of star formation that, based on similarities to
Lyman-continuum leakers (galaxies that “leak” Lyman-
continuum photons) at z ∼ 3, these objects tend to have
very high escape fractions at least for the duration of the
burst. Additionally, since these galaxies seem to make
up ∼ 20% of the z ∼ 7 population (though with large
uncertainties), together they might be among the most
effective objects at ionizing the IGM.
Two of these objects (PLCKG287+32-698 and 777) are
multiple images in a quadruply imaged system, first dis-
covered by Zitrin et al. (2017). In addition to finding the
same redshift for both images analyzed here, we find con-
vincingly similar physical properties with both Methods,
as can be seen in Figures 3 and 4 (M∗ ∼ 108−9M, sSFR
∼ 10Gyr−1). We note the third lensed image in this sys-
tem, PLCKG287+32-2235, is included in our catalog but
is not significantly detected in Spitzer. The fourth lensed
image PLCKG287+32-2977 was discovered in WFC3/IR
F110W imaging but lands outside RELICS imaging in
other WFC3/IR filters and was thus excluded from the
Salmon et al. (2018) selection and this work.
The last object we focus on in this section,
PLCKG287+32-2013, yields some similarities to two
galaxies confirmed by ALMA with [CII] by (Smit et al.
2018). They are of similar observed brightness (apparent
magnitude ∼ 24.9), similar SFRs (within the uncertain-
ties), and have similar IRAC colors. Smit et al. (2018)
argue that an elevated [OIII]+H-β EW suggests a higher
[CII] EW, potentially meaning that there are chances
with ALMA follow-up for these objects to be able to
place them on the infrared excess-UV slope (IRX-β) re-
lation. Additionally, such extreme EWs are indicative
of potential Ly-α emission (Roberts-Borsani et al. 2016;
Oesch et al. 2015; Zitrin et al. 2015; Stark et al. 2017),
and CIII] (e.g., Hutchison et al. 2019) presenting oppor-
tunities for ground-based infrared spectroscopy.
5.4.2. Gemini Observations of PLCKG287+32-777
We take this opportunity to note that PLCKG287+32-
777 was spectroscopically observed with Gemini South
(GS-2018A-Q-901; PI: Zitrin), and we publish here the
first results from these observations. It was first ob-
served for 2 hrs with Flamingos-2 (R3000 Grism + J-
band filter). A 4-pixel (0.72′′) wide longslit was used,
leading to an average resolving power of R ∼ 1300, with
a nod size of ±1.5′′. These observations were designed
to detect potential CIV emission, although the detection
limit is quite high (e.g., a 3σ limit per spectral pixel of
' 1− 1.5× 10−16erg/cm2/A˚ for a spectral line width of
100-300 km/s).
The object was also observed with Gemini Multi-
Object Spectrograph (GMOS) in longslit Nod & Shuffle
mode, with a 1” wide slit and a ±2.5′′ nod size. Obser-
vations took place using the R400 grism + z-band filter,
and two different central wavelengths (760 nm, 795 nm),
for ' 4.3 hrs. These observations were aimed to detect
Ly-α, and have a nominal 3σ depth per spectral pixel
of 4.5 × 10−17erg/cm2/A˚ for a 500 km/s Ly-α line at
z = 6.8. At higher redshifts, the sensitivity drops, reach-
ing half the SNR for Ly-α at z ' 7.3.
Both the F-2 and GMOS longslits also covered a second
image of the lensed galaxy (2977), however the nod size in
the GMOS observations only allowed for a credible search
around the first object. No prominent emission line was
detected in either observation for either image, suggest-
ing that Ly-α may not be easily escaping this galaxy and
the presence of extremely strong CIV emission is likely
ruled out. However, we note that the data merit a more
careful inspection, and we leave a more quantitative ex-
amination of these data for future work.
5.4.3. Objects Preferring Maximally Old Formation Age
In addition to galaxies with potentially strong nebu-
lar emission, there are a subset of galaxies in our sam-
ple show a strong preference with Method A and some
preference with Method B, for a maximally old solu-
tion, with the earliest possible formation time, including
ACT0102-49-2551, RXC0911+17-143, MACS0553-33-
219, and Abell1763-1434. Here we focus on Abell1763-
1434 and RXC0911+17-143, both of which were initially
introduced by Strait et al. (2020). The former has since
received deeper data (∼30 hours, from ∼5 hours in Strait
et al. 2020).
As has been noted previously in this work, formation
age is a difficult parameter to constrain, since the begin-
ning of SFHs tend not to leave an imprint on a photo-
metric SED. The results tend to be reliant on the im-
plicit prior of the assumed SFH, which in the case of our
Method A is constant. In Method B, we report mass-
weighted age instead, since this quantity can be more
reliably fit for. We will discuss both here.
In the top panel of Figure 9, we show our analy-
sis with BAGPIPES of Abell1763-1434, where we plot
again median ±1σ mass-weighted age templates. In all
cases, these templates represent relatively evolved stellar
populations, reflected by the SFHs on the right panel
which “turn on” relatively early. The oldest solution
prefers a gently declining SFH, while the others are rel-
atively constant. There are some solutions that prefer a
high [OIII]+H-β EW (i.e., a young, high sSFR template
rather than an evolved one with a Balmer break), which
falls in IRAC ch2 at the redshift of this galaxy (z ∼ 8.4),
but overwhelmingly, an evolved stellar population is pre-
ferred.
A similar story can be told for RXC0911+17-143,
shown on the bottom panel of Figure 9: this time with
both IRAC fluxes elevated, there is evidence of a Balmer
break, although the detections are lower S/N compared
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to Abell1763. The SFHs reflect a similar preference for
a declining or constant, but relatively stagnant SFH for
this object. When these objects are compared to the
rest of our sample in Figure 7, both are consistent with
an evolved and/or dusty solution. The red IRAC colors
make these objects stand out from the rest of our sample
as being closer in color-redshift space to MACS1149-JD,
a spectroscopically confirmed galaxy with evidence for
an early formation time (Hashimoto et al. 2018).
As argued by Strait et al. (2020) and Roberts-Borsani
et al. (2020), IRAC excess in [4.5], while often attributed
to high values of [OIII]+H-β (which fall in ch2 at z > 7),
can be equally (and sometimes more favorably) explained
by a strong Balmer break, suggesting an evolved stellar
population and/or dust. Roberts-Borsani et al. (2020)
(and previously Hashimoto et al. 2018) goes on to sug-
gest ways of distinguishing these solutions, including the
use of the ALMA to detect the [OIII] 88µm line, whose
strength is related to the [OIII] 5007A˚ line.
5.5. Demoted Objects
Of the 207 galaxies for which we could extract reliable
Spitzer fluxes, 23 have non-trivial peaks in redshift at
z < 2, revealing a ∼ 10% contamination rate for HST -
selected Lyman-break galaxies. Notably, the bright z ∼
6 galaxies behind RXS0603+42 (both north and south
HST pointings) had a high “failure” rate. Of the 13
high-redshift candidates behind this cluster, we were able
to extract Spitzer fluxes for 8. Of those, only 2 remain
likely at high redshift. The rest are likely z ∼ 1 galaxies
or brown dwarfs.
6. FUTURE DATA
Ultimately, spectroscopic followup will be necessary to
place strong constraints on properties of these galaxies,
such as dust content, metal enrichment, and ionization
field. There are a number of existing and future tele-
scopes that will be well-suited to this task:
Ground-based infrared spectroscopy with telescopes
such as Keck will allow for a search of rest-frame UV
emission lines such as Lyman-α and CIII]. There are a
number of studies detailing how such observations can
aid in constraining SFR, metallicities, AGN activity,
and ionization with these emission lines (e.g., Finkel-
stein et al. 2013; Stark et al. 2017; Nakajima et al. 2018;
Hutchison et al. 2019; Le Fe`vre et al. 2019). As discussed
above, the presence of strong [OIII]+H-β emission makes
detection of Lyman-α and CIII] more likely.
A millimeter/sub-millimeter telescope such as ALMA
could be used to determine the presence of [OIII]88µm or
[CII]158µm, which would lead to insight on the dust and
metal content (e.g., Roberts-Borsani et al. 2020; Bradacˇ
et al. 2017), constraints on the strength of [OIII]5007A˚
(Hashimoto et al. 2018; Roberts-Borsani et al. 2020),
and even kinematics (e.g., Smit et al. 2018). Placing
high-redshift galaxies on the IRX-β relation is valuable
for understanding typical dust properties relative to the
shape of the UV continuum. We calculate the UV slopes9
of PLCKG287+32-2013 and ACT0102-49-2391 from the
9 We calculated beta slopes from the photometry, excluding
F105W for PLCKG287+32-2013, which has the potential to for
contamination from Lyman-α absorption (if included, the β slope
for PLCKG287+32-2013 is −0.4± 1.2).
photometry to be −1.7±1.1 and −1.7±1.3, respectively.
For β slopes of these values, following the Meurer et al.
(1999) relation for local galaxies, one would expect val-
ues of IRX (log(LIR/LUV )) of around ∼ 0 − 1. How-
ever, there has been high scatter observed in this rela-
tion, and in fact the z > 5 galaxies studied by, e.g.,
Willott et al. (2015); Capak et al. (2015); Knudsen et al.
(2017); Smit et al. (2018); Fudamoto et al. (2020) are
found to have lower-than-expected IRX. This decrement
is still present even when assuming a steep attenuation
law such as SMC, perhaps explained by a higher dust
temperature at high redshift.
With capabilities out to 28 microns, JWST will revo-
lutionize high-redshift galaxy spectroscopy and imaging
and allow us to do detailed analyses of the rest-frame UV
and optical spectrum for galaxies in the z & 6 regime.
Notably, spectroscopic (and inferred photometric) mea-
surements of [OIII]+H-β and their strength relative to
other rest-frame UV and rest-frame optical emission lines
will aid in our understanding of ionization field, ionizing
photon production, oxygen abundance and sSFR.
7. CONCLUSIONS
We present an analysis of new Spitzer/IRAC imaging
for the high-z candidates in the RELICS survey, provid-
ing a full HST and Spitzer catalog, with galaxy proper-
ties, redshifts, and magnifications for 207 galaxies likely
at z ≥ 5.5. We present the distributions of stellar proper-
ties of the sample using templates from BC03 and BPASS
+ nebular emission, and highlight 11 galaxies that have
the highest redshifts (z ≥ 6.5) and at least one S/N de-
tection > 3 in IRAC. We go into further detail for six of
those objects. Our main conclusions are as follows:
• While ∼ 95% of our sample are characteristic for
their redshift (LUV /L
∗
UV < 1), there are a few that
are intrinsically brighter (∼ 2LUV /L∗UV ). Within
our sample, we see a variety of stellar populations,
from very small at 2.1 × 105M∗ to very massive
at 4.2 × 109M∗, and from very young (forming >
800Myr after the Big Bang) to very old (forming
< 100Myr after the Big Bang).
• Along with this paper, we are releasing our full
HST + Spitzer/IRAC photometric catalog, as well
as results from both methods of SED fitting de-
scribed in this work and magnifications from pub-
licly available lens models.
• We find that PLCKG287+32-2013, one of the
brightest z ∼ 7 candidates known (F160W mag
24.9), has strong evidence for strong [OIII]+H-β
emission (EW ∼ 1000A˚), as suggested by its ele-
vated Spitzer [3.6] flux. We believe that this galaxy
is experiencing an ongoing burst of star formation.
• We find a similar object, ACT0102-49-2391, which
although less luminous, also reveals an elevated
[3.6] flux, and falls around z ∼ 6.6 − 6.9, again
suggesting strong nebular emission.
• We find two objects, Abell1763-1434 and
RXC0911+17-143, that show evidence for an
evolved stellar population, i.e., that they formed
very early (< 100 Myr after the Big Bang). We
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believe that these galaxies show good evidence
of Balmer breaks, and their IRAC colors are
consistent with evolved (500 Myr) or dusty
(E(B-V)=1.00) galaxy models.
• While several of our z ≥ 6.5 galaxies which are
detected in IRAC prefer a nearly maximally old
solution, there may be other explanations for their
bright Spitzer fluxes, such as dust or extreme line
emission. Disentangling these degeneracies will
only be possible with, e.g., JWST, Keck, Thirty
Meter Telescope, and/or ALMA observations.
• Through the exploration of SFHs, we find that for-
mation age, which is commonly used as the mea-
sure of age in high-redshift galaxy studies, is diffi-
cult to constrain. We report it here for comparison
with other works, but also present mass-weighted
age, a more easily constrained property.
The galaxies presented in this work will be excellent
targets for follow-up existing telescopes like Keck and
ALMA, as well as with future telescopes such as James
Webb, Thirty Meter Telescope and Giant Magellan Tele-
scope, as they are apparently bright but intrinsically
faint, and likely the dominant galaxy population at these
epochs.
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